ABSTRACT: Due to the degradation of osteoarthritic (OA) cartilage in post-traumatic OA (PTOA), these tissues are challenging to study and manipulate in vitro. In this study, chondrocytes isolated from either PTOA (meniscal-release (MR) model) or normal (contralateral limb) cartilage of canine knee joints were used to form micropellets to assess the maintenance of the OA chondrocyte phenotype in vitro. Media samples from the micropellet cultures were used to measure matrix metalloproteinase (MMP), chemokine, and cytokine concentrations. Significant differences in matrix synthesis were observed as a function of disease with OA chondrocytes generally synthesizing more extracellular matrix with increasing time in culture. No donor dependent differences were detected. Luminex multiplex analysis of pellet culture media showed disease and time-dependent differences in interleukin (IL)-8, keratinocyte chemoattractant (KC)-like protein, MMP-1, MMP-2, and MMP-3, which are differentially expressed in OA. This memory of their diseased phenotype persists for the first 2 weeks of culture. These results demonstrate the potential to use chondrocytes from an animal model of OA to study phenotype alterations during the progression and treatment of OA. ß
Post-traumatic osteoarthritis (PTOA) often develops after injury to diarthrodial joints, such as the knee. To gain greater insights to the etiology and progression of cartilage damage in PTOA, researchers have adopted a number of in vivo and in vitro models that can successfully mimic aspects of the disease. Animal models of PTOA, including surgical destabilization of the knee joint, allow the researcher to address the full spectrum of pathologic changes observed in clinical PTOA. [1] [2] [3] Specifically, in the meniscal-release (MR) model, development of osteoarthritic-like conditions is accelerated, and can be reproducibly generated over the period of a few months rather than years (as in humans). Further, a canine animal model provides for assessment in a clinically relevant species in which the anatomy, physiology, and biomechanics of the knee joint, as well as medical, surgical, and post-operative management strategies are similar to humans. [4] [5] [6] In vitro culture provides opportunities for studying the biologic behavior of OA tissue and cells under more controlled conditions than in vivo. In this context, tissue explants offer ideal culture models as they maintain chondrocytes in their native extracellular matrix. The feasibility of culturing human OA cartilage explants, however, depends on the severity of OA, where possibly only irregular and fragile fragments and slivers of tissue may be harvestable. Therefore, the ability to isolate and expand chondrocytes from limited tissue quantities and subsequently culture them under conditions that maintain their OA phenotype is desirable.
Tissue engineering culture models can provide a platform to study diseased chondrocytes. Traditional tissue engineering approaches for disease modeling include mechanical overload 7, 8 or cytokine insult 9,10 of healthy chondrocytes in 2D or 3D culture. Patientspecific culture models have been developed using cells derived from an individual's cartilage (healthy or OA) or stem cells differentiated toward the chondrocyte phenotype. Mesenchymal stem cells may be derived from healthy or OA sources including bone marrow, adipose tissue, or synovium, as well as from iPSCs to produce disease-specific models of OA. [11] [12] [13] [14] [15] However, these methods require the differentiation of cells to a chondrogenic phenotype. Studies utilizing OA chondrocytes may have an advantage as they are derived directly from the pathologic joint.
In the current study, our model system outlines the derivation of cells from pathologic cartilage with a well-defined history of joint injury, canine knee joints that have undergone MR surgery and subsequent development of PTOA, and use of these cells in a 3D tissue engineering culture model. Pellet culture has long been used to optimize culture conditions prior to the use of 3D hydrogels and provides analogous results. 16 While previous research has characterized the behavior of human OA chondrocytes under numerous culture conditions, many of these studies do not provide a normal chondrocyte comparison, 17 are limited by statistical matching power (age and gender) 15, 18 or use cells with age-related loss of chondrogenic capacity. 18, 19 Due to these differences, the reported synthesis capabilities of OA chondrocytes compared to healthy chondrocytes has been varied, with some groups reporting reduced 20, 21 and others reporting comparable or increased levels of matrix synthesis 15, 18 in both 2D and 3D culture.
This study aims to characterize the persistence of the disease phenotype in long-term culture (up to 4 weeks) using a well-established micropellet culture system. The maintenance of the OA phenotype is determined by micropellet production of de novo proteoglycan and collagen production as well as via micropellet release into the media of OA chemokines and cytokines observed previously to be elevated in the synovial fluid of dogs post-MR. As studies of OA cells in the literature are often limited to gene expression, this study, using an established 3D tissue engineering culture model with protein analysis and immunoanalysis, addresses a knowledge gap in our understanding of OA phenotype stability in culture. Moreover, insights gained from this study may help to establish a more biomimetic research platform for the study of OA through the incorporation of OA cells.
MATERIALS AND METHODS
Induction of Canine OA MR surgery was performed on the knees of six adult research bred hound dogs (5 males, 1 female, 1-year-old (13-16 m), >20 kg) as described previously 22 ( Fig. 1) . The procedure was approved by the University of Missouri's Institutional Animal Care and Use Committee (IACUC #7332). This PTOA model is created using arthroscopic guidance and instrumentation so as to avoid the known joint health effects of open arthrotomy. 23 Dogs were pre-medicated intramuscularly (IM) with xylazine (0.5 mg/kg), morphine (0.5 mg/kg), and glycopyrrolate (0.005 mg/kg); induced intravenously (IV) with propofol (6 mg/kg); intubated and maintained with isoflurane (1-2.5%) for the duration of the surgery based on veterinary medicine standard of care. After surgery, heart rate (HR), respiratory rate (RR), and rectal temperature were monitored until the dog was considered stable, alert, and sternal. Pain was assessed by monitoring HR, RR, the patient's attitude and vocalizations, appetite, reaction to palpation of the surgical site and recorded for appropriate decision making and pain-relieving measures.
All dogs were assessed at least twice daily (morning and afternoon/evening) for the first 72 hours post-operatively. Dogs received two post-operative doses of morphine (0.5 mg/ kg IM or SQ). Each dose of morphine was given within 6 hours of the preceding dose (including the pre-operative dose). Tramadol (2-4 mg/kg bid) was started the evening of surgery, no longer than 6 h following the second postoperative dose of morphine. Two doses in total were given with approximately 12 hours between the first dose and second dose of Tramadol. Assessment of pain was performed and recorded immediately prior to administration of each dose of the analgesic agents. The dogs were housed in an AAALAC approved facility in 18-25 square foot cages (64-72˚F) with one dog per cage. The dogs were given a 12-hours light/12-hours dark cycle, unlimited water from spout, dry dog food once a day and Nylabone Chews and Kong Dog Toys in the cage for enrichment.
After 12 weeks, the dogs were euthanized and the cartilage was grossly examined for OA changes (Fig. 1) . No adverse events were noted. As in our previous work with the canine MR model, insult to the joint via radial transection of the medial meniscus resulted in primarily unicompartmental (medial) disease. This was characterized by cartilage erosion and degradation due to the changes in femoral and tibial articular cartilage contact pressures and areas by 12 weeks. Associated synovitis, effusion, and clinical signs of slowly progressive lameness have also been noted. 22 Tissue Harvest and Isolation of Chondrocytes Cartilage slivers were obtained from the limbs of dogs (Dog 219, 220, 221, 223, 224, 249) 12 weeks post-MR surgery for induction of OA with contralateral limbs serving as normal controls (Fig. 1 ). Tissues were enzymatically digested using collagenase type IV (Worthington Biochemical Corporation, Carlsbad, CA) for 8 h with stirring at 37˚C after which cell suspensions were filtered through a 70 mm porous mesh and sedimented by centrifugation. 5 Viable cells were counted and plated at 20 Â 10 3 cells/cm 2 .
Creation and Culture of Micropellets
After two passages in Dulbecco's Modified Eagle's Media (DMEM, Life Technologies, Carlsbad, CA) containing 10% fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA), 1% antibiotic-antimycotic (Invitrogen Corporation, Carlsbad, CA), and a growth factor expansion cocktail (1 ng/ml TGF-b1, 5 ng/ml bFGF-2, and 10 ng/ml PDGF-bb) (Invitrogen Corporation), 24, 25 confluent chondrocytes were trypsinized, counted and re-suspended. 5 Chondrocytes from dogs 219, 223, and 249 were pooled by disease condition, normal (non-operated) or OA (MR surgery) (similar to previously utilized bovine cell culture protocols 5, 17, 26 ), while chondrocytes from 220, 221, and 224 remained separated by dog and disease state to study effects of donor variability. Briefly, 1 ml of a 500,000 cells/ml suspension was aliquoted into 1.5 ml sterile screw-top tubes and pelleted by centrifugation. Individual micropellets were cultured for 28 days with media changes every 2-3 days in 1 ml of chondrogenic medium comprised of DMEM containing 50 mg/ml l-proline (Sigma-Aldrich, St. Louis, MO), 100 mg/ml sodium pyruvate (Sigma-Aldrich), 1% ITS þ premix (BD Biosciences, San Jose, CA), 100 nM dexamethasone (Sigma-Aldrich), 1% antibiotic-antimycotic, (Invitrogen), 50 mg/ml ascorbic acid (Sigma-Aldrich), and continuously supplemented with 10 ng/ml transforming growth factor-beta-3 (TGF-b3, R&D Systems, Minneapolis, MN). 5 Media samples were collected at each feeding (n ¼ 5). Micropellets were harvested, weighed and frozen at À20˚C at days 0, 14, and 28 for biochemical analysis (n ¼ 5), or fixed in acid formalin ethanol for histology and immunohistochemistry (n ¼ 2).
Biochemical Analysis
Frozen samples were lyophilized, and the dry samples were digested in 0.5 mg/ml of proteinase K (MP Biomedicals, Santa Ana, CA) in 50 mM Tris buffered saline containing 1 mM EDTA, 1 mM iodoacetamide, and 10 mg/ml pepstatin A for 16 h at 56˚C. 27 Aliquots were analyzed for DNA, glycosaminoglycan (GAG), and collagen (COL) using the picogreen (Invitrogen), 1,9 dimethylmethylene (DMMB) (Sigma-Aldrich) dye-binding, 28 and orthohydroxyproline (OHP) assays. In the OHP assay, the proteinase K digested sample was hydrolyzed with 12 N HCl at 110˚C overnight, dried, and re-suspended in assay buffer. OHP content was determined using a colorimetric assay in which chloramine T was reacted with dimethylaminobenzaldehyde and quantified using a 1:7.64 OHP-to-collagen mass ratio. 29 Micropellet culture media were also assayed with the DMMB blue dye-binding assay to determine GAG lost to the media. Total GAG was determined as the sum of micropellet GAG at each time point and accumulated media GAG. GAG, total GAG, and collagen contents were each normalized to micropellet DNA.
Histological and Immunohistochemical Analysis
Acid-formalin ethanol fixed samples were embedded in paraffin wax (Fisher Scientific, Waltham, MA) and sectioned to a thickness of 8 mm. Sections were subsequently stained with alcian blue (pH ¼ 1.0, Sigma-Aldrich) and picrosirius red (Sigma-Aldrich) to determine GAG and collagen distribution, respectively. Immunohistochemistry was performed to determine the distribution of collagen Type II (rabbit polyclonal anti-collagen type II, EMD Millipore, Billerica, MA. 30 Distribution of the staining intensity through the center (horizontal diameter) of each sample was analyzed in ImageJ (NIH). Grayscale values were normalized to the maximum grayscale value across the cross-section.
Media Chemokine and Cytokine Analysis
A 25ml aliquot was taken from each of the media samples from pooled donor pellet groups at days 0, 14, and 28 for chemokine and cytokine analysis (n ¼ 5). Each aliquot was analyzed in duplicate using a Luminex multiplex canine cytokine and chemokine immunoassay (Millipore Corporation, St. Louis, MO) on the xMAP platform (Qiagen Inc, Valencia, CA) for interleukin (IL)-6, IL-8, keratinocyte derived chemoattractant (KC)-like protein, and Monocyte Chemoattractant Protein-1 (MCP-1). 31 A multiplex human MMP immuoassay (R&D Systems) based on the xMAP assay platform which has been previously shown to react with canine samples, 32 was used to analyze the media samples for five matrix metalloproteinases (MMP): MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 as described in ref. 31 For the xMAP assays, media samples were mixed with antichemokine, anticytokine, or anti-MMP monoclonal antibody-charged 5.6 mm polystyrene microspheres. Streptavidin-phycoerythrin and a biotinylated polyclonal secondary antibody were added following overnight incubation at 4˚C with the polystyrene microspheres. 31, 32 The median fluorescence intensity was used to determine the concentration (pg/ml) of each chemokine and cytokine.
Statistics
A two-way ANOVA with repeated measures with Fisher's Least Significance Difference post hoc tests (a ¼ 0.05) was performed with main factors set as time and disease condition, and donor as the repeated measure. Biochemical properties served as the dependent variable. A separate set of two-way ANOVA tests with main factors set as time and disease state were used for chemokine and cytokine data. Data are reported as the mean AE standard deviation of 4-5 samples per time point and group. All statistical tests were performed in Statistica (Tulsa, OK).
RESULTS

Effects of Disease State and Donor on ECM Synthesis
The average cell yield was 172 Â 10 3 AE 85 Â 10 3 cells/gram of tissue. Two passages led to a $200-fold increase in cell number during expansion. There were no observed differences in the DNA content of the chondrocyte pellets, regardless of time, donor, or disease state (not shown, p ¼ 0.46). Accordingly, pellet extracellular matrix synthesis was normalized by DNA content to identify biosynthesis changes. Across all biochemical analyses, there were no statistical differences between donors within the same disease state. Pellet GAG was significantly different with respect to disease (p ¼ 0.004), time (p ¼ 0.0001), and as a function of time and disease (p ¼ 0.009). No significant differences were detected as a function of donor. More specifically, by day 28, pellet GAG was significantly greater in OA pellets from dog 220 (p ¼ 0.01), and 224 (p ¼ 0.001) and with trending increases in pellets synthesized by dog 221 (p ¼ 0.15) and pooled dogs (p ¼ 0.23) compared to normal chondrocyte pellets (Fig. 2A) . Total pellet GAG was significantly different between disease states (p ¼ 0.005), time (0.0001), time and disease (p ¼ 0.0001) and donor and disease (p ¼ 0.032) at day 28. Thus, while there are no intra-disease differences between donors alone there exist disease-dependent differences in total GAG synthesis. At day 28, total GAG synthesis was significantly greater in OA pellets from dog 220 (p ¼ 0.003), dog 224 (p ¼ 0.0002), and pooled dogs (p ¼ 0.03) (Fig. 2B) . Overall, pellet collagen was only significant with respect to disease (p ¼ 0.03) and time (p ¼ 0.005). By day 28, collagen content was significantly higher in OA chondrocyte pellets synthesized by dog 224 (p ¼ 0.03) and pooled groups (p ¼ 0.04) and trending toward increases in pellets synthesized by dog 220 (p ¼ 0.14) compared to normal controls for each dog (Fig. 2C) .
PHENOTYPE PERSISTENCE OF OA CHONDROCYTES
The results of the biochemical data were supported by histology and immunohistochemistry. After 28 days of culture, alcian blue staining of pellets for GAG was relatively uniform across all dog donors and disease states (Fig. 2D ). Picrosirius red pellets had a dense ring of collagen staining around the edges with locally intense staining in the center of pellets prepared from the pooled dogs (Fig. 2E) . Collagen II staining was observed throughout pellets synthesized by normal and OA chondrocytes. Brighter immunostaining of collagen II was observed for OA pellets from pooled donors (Fig. 2F ).
Chemokine and Cytokine Expression Profiles Vary With
Culture Duration and Disease State MMP, chemokine, and cytokine expression levels were evaluated in media from pooled donor pellets at days 0, 14, and 28. Concentration of MMP-1 and MMP-3 increased with time in culture for both normal (p MMP1 < 0.00001, p MMP3 < 0.00001) and OA chondrocyte pellets (p MMP1 ¼ 0.01, p MMP3 < 0.00001) (Fig. 3A and C) . Conversely, MMP-2 concentrations decreased with time in culture (p N ¼ 0.002, p OA < 0.00001) (Fig. 1B) . MMP-9 levels remained constant during pellet culture for normal chondrocytes, but decreased with culture time for OA pellets (p < 0.001) (Fig. 3D) . Media concentration of MMP-13 remained constant (Fig. 3E) . While trends were mostly similar between the two groups, expression of MMP1 (p 0 ¼ 0.02, p 14 < 1 Â 10
À5
, p 28 ¼ 0.01) (Fig. 3A) and MMP-2 (p 0 < 1 Â 10 (Fig. 3B) were significantly elevated in OA pellet media at all time points. MMP-9 media expression was significantly decreased in OA pellets only at day 28 (p ¼ 0.01) (Fig. 1D) . MMP-3 concentrations were slightly elevated in OA pellets compared to their normal counterparts at days 14 and 28 (p 14 ¼ 0.17, p 28 ¼ 0.21) (Fig. 3C) . No differences were observed between disease states for MMP-13 pellets (p ¼ 0.64, Fig. 3E) .
No significant differences were observed as a function of culture time or disease state in the media concentration of IL-6 (p ¼ 0.57, Fig. 4A ). Concentrations of IL-8 (Fig. 4B), KC (Fig. 4C ) and MCP-1 (Fig. 4D) 
009) all significantly decreased with culture time. Meanwhile, the concentration of KC was significantly elevated in normal pellet groups at days 0 and 14
), but was significantly lower in OA pellet groups by day 28 (p < 1 Â 10 À5 ) (Fig. 4C) . Finally, MCP-1 levels were slightly elevated in OA groups at day 14 (p 14 ¼ 0.10) (Fig. 4D) .
DISCUSSION
Biochemical analysis of the cartilage micropellets revealed no differences among donors for pellets fabricated from either normal or OA chondrocytes. Overall, pellet GAG, total GAG, and pellet collagen was significantly increased with time in culture and more elevated in OA chondrocyte pellets (Fig. 2) . Specifically, the biochemical composition between pellets from normal and OA chondrocytes became significantly different at day 28, suggesting that an underlying difference between the chondrocytes derived from healthy and pathologic tissue exists in our 3D culture system with time. Interestingly, we observed a greater ECM content for the pooled pellet group relative to the ECM content of each individual donor that was pooled. This finding may suggest an interactive effect between cells of different donors. We have previously noted a similar effect of pooling for canine chondrocyte-seeded agarose constructs. 5 These results support previous reports that OA chondrocytes can have an increased metabolic activity due to cellular attempts to balance of catabolic and anabolic pathways, even though the disease is characterized by a loss of ECM. 33, 34 The differences between normal and OA chondrocytes are also captured by the time-dependent changes of key chemokines, cytokines, and matrix metalloproteinases in the micropellet culture media. Previously, through analysis of the synovial fluid of naturally occurring canine OA and induced canine OA, we have identified IL-8 as highly sensitive and MCP-1 as highly specific biomarkers in canine OA. Analysis of canine synovial fluid 12 weeks post-MR surgery showed a trending increase in MCP-1 expression and a significant increase in IL-8 expression compared to baseline and non-operated contralateral controls. 31 A similar evaluation of dogs found that in naturally occurring (not surgically induced) canine OA, MCP-1 was significantly higher pre-surgery (lavage and stabilization of the cruciate ligament) compared to post-surgery and normal dogs. Similarly, IL-8 and KC were significantly higher pre-surgery compared to normal dogs and decreased with surgery (although not significantly). While MMP expression was below the resolution of the assay in the induced canine OA synovial fluid aspirate, evaluation of dogs with naturally occurring OA had no changes in MMP-2 and MMP-3 synovial fluid expression before and after surgery and compared to healthy dogs. In this study, culture media profiles from OA chondrocyte micropellets paralleled a subset of the synovial fluid markers measured in spontaneously occurring OA and MR dogs. 31 Significantly increased expression of MMP-1 and MMP-2 was observed in OA micropellet culture media at all time points. Elevated MMP-3 concentrations were detected at days 14 and 28. OA research has included investigation into a number of different MMPs, including MMP-1, MMP-2, and MMP-3 which target collagen, gelatin fragments, and proteoglycans, respectively. 15, 35 These MMPs are typically up-regulated in early stage OA and posttraumatic OA. 34, [36] [37] [38] Additionally, these markers are highly expressed by OA and cytokine stimulated healthy chondrocytes in 2D and 3D cell culture. 15, 39, 40 Observed increases in MMP-3 expression are closely linked to elevated expression of MCP-1 and IL-8. 41, 42 In this study, increased MMP-1, -2, and -3 expression resulted in increased loss of GAG to the media. The observed deviations from the MR animal model may be exacerbated by in vitro culture conditions. There were no observed differences in MMP-13 expression detected in the micropellet media, suggesting that both normal and OA chondrocytes did not undergo hypertrophic differentiation during time in culture. 43 This may also be the result of a loss of MMP-13 expression during cell expansion in 2D as this has been observed by others. 44, 45 In previous canine studies, no measurable amounts of MMP-9 or MMP-13 were detected in synovial fluid samples.
Similar to the results of previous canine OA biomarker studies, the results of this study identified time-dependent differences in IL-8, KC, and MCP-1 media concentrations. IL-8, a neutrophil chemoattractant, is elevated in rheumatoid arthritis and constitutively expressed by OA synoviocytes. 46, 47 Expression of IL-8 in OA chondrocytes can be regulated by cytokines in vitro and induce chondrocyte hypertrophy, which is commonly seen in OA. 48 Similarly, MCP-1 attracts mononuclear cells such as monocytes and memory T cells and is frequently associated with rheumatoid arthritis. Studies have shown that MCP-1 expression is elevated by OA chondrocytes and can be regulated by IL-1b in vitro. 41, 46 More recently, these markers, in addition to MMP-1 and IL-6, were confirmed as biomarkers for OA in human patients undergoing knee arthroplasty. 37 Likewise, our in vitro model exhibits higher media concentrations of both IL-8 at day 0 and significantly greater concentrations of IL-8 at day 14 with elevated levels of MCP-1. 31 The delayed increase in MCP-1 expression may be related to the clinically observed positive correlation between MCP-1 and IL-8 expression. 37 At day 28, no differences in media concentrations of either IL-8 or MCP-1 are detected between normal and OA micropellet cultures.
Like IL-8, KC is a murine protein and a member of the CXC cytokines family and is a neutrophil chemoattractant. In the dog, mouse antibodies against KC are capable of detecting a KC-like proteins in fluids such as synovial fluid. 31 Up-regulation of KC may also encourage chondrocyte hypertrophy. 48 Clinical results have demonstrated that variations in KC expression may be useful for identifying differences between cruciate disease and other types of OA, as changes were only observed in dogs suffering from OA after ACL transection. 31 Here, we observed decreased expression of KC in OA chondrocyte pellets at day 0, but significantly elevated levels at day 14 with no differences by day 28. This result suggests that in our in vitro model, KC expression is regulated by related factors such as IL-8, as they show similar expression trends.
Using chondrocytes isolated from pathologic cartilage harvested from an animal model of OA, as done in this study, decouples donor age and gender from disease specific results. Unlike human studies, the canine animal model allows for a donor matched healthy tissue control, the contralateral limb. Further, by using chondrocytes isolated from an animal model of OA, we are able to reduce the effects of donor to donor variability that are frequently observed in OA chondrocytes obtained from human clinical samples. The ability to control these variables allows us to design studies that look at cellular alterations in OA relatively free of contaminating variables. Using cells derived from animal models also allows for the flexibility to study OA pathology as a function of age as OA can be induced in juvenile or adult animals. Although animal models may not fully capture the naturally occurring disease states, these options may provide insights on early intervention strategies for mitigating the effects of OA.
Taken together, our OA chondrocyte pellet data indicate that for at least a period of 2 weeks in 3D cell culture, OA chondrocytes exhibit a memory of their disease phenotype. These findings are encouraging and consistent with the literature findings showing increased and correlated synovial fluid expression of MMP-1, IL-8, KC, and MCP-1 in human and canine OA. 31, 37 These results may further suggest that epigenetic changes in the diseased joint promote memory of the OA phenotype for at least 2 weeks, even after cells have been isolated from the OA tissue. Accordingly, as this OA phenotype wanes with increasing time in culture, there may be techniques available to preserve the disease phenotype, including growth factor treatment for the minimization of de-differentiation, 17, 49 stimulation with mechanical loading 50, 51 or oxygen tension, 44, 52 administration of pro-inflammatory cytokines, 15, 39 and co-culture with synovium 53, 54 or immune cells. 34 This preliminary work provides a baseline from which more optimal protocols may be developed to preserve the OA phenotype in culture, for studies of cellular changes associated with PTOA, or perhaps to convert the cells to a more "normal" phenotype as a cell source for therapeutic applications. 18, 55 
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